In this paper, a band-pass filter based on half-mode substrate integrated waveguide (HMSIW) and double-layer spoof surface plasmon polaritons (SSPPs) consisting of two corrugated metal strips is proposed, which can realize band-pass transmission by etching periodic grooves at the top and bottom metal layers of the HMSIW. Moreover, the influences of important parameters on the performance of the proposed band-pass filter are analyzed by parametric study. By changing the key parameters, the low and high cut-off frequency can be controlled independently. The corresponding equivalent circuit of the proposed band-pass filter is put forward to explain the physical mechanism. Compared with the previous structures, this structure features smaller size, wider bandwidth and lower loss. Simulated results show that the proposed band-pass filter achieves a bandwidth (for |S 11 | < −10 dB and |S 21 | > −0.8 dB) of about 69.77% (15.6-32.1 GHz). The measured results have good agreements with the simulated ones, which verify that the proposed band-pass filter has good performances and potential applications at the microwave frequencies.
Substrate integrated waveguide (SIW) is a competitive transmission structure that has received extensive attentions 1, 2 . The upper and lower layers of the basic SIW structures are metal layers, and the middle layer is a low loss dielectric layer. Metallic via holes arrays are formed on both sides of the metal coated dielectric substrate, and electromagnetic waves are confined in a rectangular cavity formed by metallic via holes arrays and two metal layers. The propagation characteristics of a SIW are similar to a rectangular waveguide 3 , which has a low cut-off frequency. Additionally, the low cut-off frequency can be controlled by changing the width of SIW. In the past decades, the concept of half-mode substrate integrated waveguide (HMSIW) was proposed that retains the characteristics of the SIW and reduces the size by half 4, 5 . HMSIW has the advantages of light weight, small size, low loss, and easy integration. Therefore, it has been widely used in microwave transmission, such as filters 6, 7 and antennas 8, 9 . Surface plasmon polaritons (SPPs) are the surface electromagnetic waves propagating along the interface between medium and metal at visible or ultraviolet (UV) frequencies, exponentially decaying in the direction perpendicular to the interface. However, at lower frequencies, such as microwave and terahertz frequencies, the metal behaves as perfect electrical conductor (PEC). Therefore, SPPs cannot be excited in the microwave frequency range. The spoof surface plasmon polaritons(SSPPs) which can support a kind of SPP-like surface waves overcome the limitation that SPPs do not occur in the microwave frequencies [10] [11] [12] , thus SSPPs have attracted great attention and achieved a lot of achievements [13] [14] [15] . In additional, SSPPs have the advantages of controlling their dispersion characteristics and cut-off frequency by tuning the structural parameters of the metal [16] [17] [18] [19] [20] [21] . Hence, SSPPs www.nature.com/scientificreports www.nature.com/scientificreports/ have widely applied in the microwave frequencies 22, 23 . An ultrathin metallic structure printed on a dielectric substrate was proposed 24 to achieve a broadband band-pass filter with a low loss in the microwave frequency band. It shows that the subwavelength arrays of grooves which can support SSPPs mode and SSPPs have an excellent transmission property. A double-layer SSPPs structure was proposed 25 , which demonstrates that the double layers SSPPs structure have a higher transmission efficiency than a single layer.
Considering the low-pass features of SSPPs structure and high-pass features of SIW structure, the first hybrid SSPP-SIW filter was proposed 7 . Recently, a band-pass filter based on the SSPPs and SIW was proposed 26 . But the filter using SIW combined with SPPs has a larger size, which is not easy for integration. Meanwhile, a hybrid SIW-SPP transmission structure was proposed 27 , where SPPs propagate through arrays of transverse metallic blind holes that were designed inside the SIW. However, it needs a thicker substrate. Recently, a hybrid HMSIW-SSPPs filter was proposed 28 , which overcomes the shortcomings of large size. However, its transmission efficiency needs to be further improved.
In this paper, we propose a band-pass filter based on HMSIW and double-layer SSPPs, which can realize band-pass transmission by etching periodic grooves on the top and bottom metal layers of HMSIW. Compared with the previous structures, our design has the following features: (1) it has higher transmission efficiency and wider bandwidth; (2) the low and high cut-off frequencies can be controlled by changing related parameters; (3) the small and simple design is easier to fabricate and has potential applications at the microwave frequencies; (4) an equivalent circuit of the proposed filter is put forward to explain the physical mechanism.
Results
Design configuration. The configuration of the proposed band-pass filter is presented in Fig. 1(a) , which is composed of three parts: (1) a 50 Ω microstrip line, (2) a conversion structure, and (3) a HMSIW with periodic grooves for transporting SSPPs to realize the band-pass performance. The blue parts in Fig. 1 are flexible thin dielectric F4B substrate (relative permittivity ε r = 2.65, loss tangent tanδ = 0.0015) whose thickness is 0.5 mm. The yellow parts in Fig. 1 stand for metal (copper) and its thickness is 0.018 mm. The width and length of the microstrip line are denoted by w 1 and l 1 , respectively. The width and length of the conversion structure are marked as w 2 and l 2 , respectively. The width and length of HMSIW are marked as w 3 and l 3 , respectively. Additionally, as shown in Fig. 1(a,b) , the depths of the central grooves are the same, and the depths of the grooves on both sides decrease successively. The dimension of the central grooves is presented in Fig. 1(d) , where the width, depth, and period of grooves are denoted by a, h and p 2 , respectively. Moreover, the diameter of the metallic via holes is D and the period length is p 1 , as shown in Fig. 1(c) .
In addition, the double layers SSPPs structure consists of two corrugated metal strips which etched on the upper and bottom metal of the substrate. In order to show the SSPPs propagation property of the structure, the simulated electric field distribution on the cross sections and x-y plane at 30 GHz are plotted in Fig. 2 . It is seen that the EM fields are highly limited on the adjacent grooves and most of the EM energy is highly localized in the two-layer structure. Therefore, the structure can support the SSPPs mode propagation on its surface. Figure 3 shows the S-parameters and group delay of the proposed band-pass filter. The group delay is an essential parameter for a wide band-pass filter and the value is the derivative of phase versus frequency. The physical meaning of group delay is to reflect the speed of the phase changing with frequency changing. The ideal state is that the group delay is a constant. It can be seen that the group delay of the proposed band-pass filter is approximately constant in the band-pass frequency range. It means that the phase of the transmitted signal does not produce distortion.
Design consideration. Dispersion analysis of HMSIW, SSPPs, and the proposed band-pass filter. In order to study the propagation characteristics of HMSIW, SSPPs, and the proposed band-pass filter, the dispersion characteristics are analyzed using the Eigen mode analysis of CST. The dispersion curves of HMSIW are portrayed in Fig. 4(a) . It can be observed that HMSIW has a low cut-off frequency which increases with the decrease of width (w 3 ) of HMSIW. Figure 4(b,c) show the dispersion curves of SSPPs. It can be seen that SSPPs have a high cut-off frequency which decreases as the depth (h) and period (p 2 ) increases. The dispersion curves of the proposed band-pass filter with different parameters are shown in Fig. 5 . The proposed band-pass filter, combining the propagation characteristics of HMSIW and SSPPs, has both low and high cut-off frequencies. In addition, the low and high cut-off frequencies can be independently controlled by changing corresponding parameters.
Parametric studies on the key parameter. The bandwidth of the proposed band-pass filter is determined by the low and high cut-off frequencies, which can be controlled independently by tuning related parameters. In order to study the relationship between parameters and cut-off frequencies, the main parameters of the proposed band-pass filter are studied. Figure 6(a) shows the simulated transmission coefficients (|S 21 |)of the proposed band-pass filter with different w 3 . It turns out that the parameter w 3 controls the low cut-off frequency, which decreases as the parameter raises. The simulated transmission coefficients (|S 21 |) of the proposed band-pass filter with difference h are shown in Fig. 6(b) . It is seen that the high cut-off frequency can be controlled by the parameter h, which decreases as the h increases. As shown in Fig. 6(c) , the p 2 can also control the high cut-off frequency. The above analysis demonstrates that the proposed band-pass filter has a good controllability by tuning different w 3 , h and p 2 , respectively.
Equivalent circuit of the proposed band-pass filter.
To further explain the structural behavior physically, we study the simplified LC equivalent circuit of HMSIW (ignoring the R value), as shown in Fig. 7(a) , which is similar to a traditional rectangular waveguide [29] [30] [31] [32] . The values of L 1 , C 1 and L 1 ' can be expressed as: www.nature.com/scientificreports www.nature.com/scientificreports/ where w 3 , t are the width and thickness of the HMSIW, respectively. f c is the cut-off frequency of the HMSIW and l is the length of the unit cell. Now, the equivalent circuit of the unit cell of the proposed band-pass filter is considered. This unit cell of the proposed band-pass filter can be viewed as HMSIW structures with different sizes in series, so the equivalent circuit model of unit cell is shown in Fig. 7(b) . A simplified equivalent circuit model of the proposed band-pass filter is shown in Fig. 8 . The LC values obtained from Eqs (1-3) are used as the initial values of optimization to get a good performance of the equivalent circuit. Since the coupling between the grooves is not considered in the equivalent process, a certain range of errors between the calculated value and the optimized value is present. Table 1 . Figure 9 shows the simulation results of the proposed band-pass filter obtained by both full wave simulation and the extracted equivalent circuit model. It can be seen that the cut-off frequencies have a good agreement.
Experimental verification.
We fabricate a prototype band-pass filter and measure its properties. The photograph of the fabricated band-pass filter is shown in Fig. 10(a) . The structure is printed on the 0.5 mm thick F4B substrate with relative permittivity ε r = 2.65, loss tangent tan δ = 0.0015, and the copper layer has a thickness of 0.018 mm. The physical dimensions of the fabricated band-pass filter are as follows: l 1 = l 2 = 10 mm, l 3 = 39.2 mm, a = 0.8 mm, h = 1 mm, w 1 = 1.8 mm, w 2 = 2.25 mm, w 3 = 4 mm, p 1 = 0.8 mm and p 2 = 1.6 mm. The proposed band-pass filter is measured with the setup shown in Fig. 10(b) . Figure 11 presents the simulated and measured results of the proposed band-pass filter. Simulated results show that the proposed band-pass filter achieves a bandwidth (for |S 11 | < −10dB and |S 21 | > −0.8 dB) from 15.6 to 32.1 GHz. It is seen that the measured results are in good agreements with the simulated ones at the band-pass frequencies. But the measured return loss and insertion loss are a little greater than the simulated results at high frequency that maybe because of the errors of fabricated process and measured tools. Table 2 compares the proposed band-pass filter with some previous hybrid SIW and SSPPs filters in terms of simulated performances, where λ is the wavelength at the lowest frequency. It is seen that the band-pass filters in 26 and 28 have a smaller thickness, but their transmission efficiency needs to be improved. The filters in 7 and 27 have a high efficiency, but these have wide width or thick substrate. Therefore, compared to other band-pass filters, the proposed band-pass filter has smaller size, wider bandwidth, and lower loss.
Discussion
In this paper, we proposed a controllable band-pass filter based on HMSIW and double-layer SSPPs, which can realize band-pass transmission by etching periodic grooves at the top and bottom metal layers of HMSIW. The dispersion characteristics and parametric studies of the proposed band-pass filter have been analyzed. The simulated results validated that the proposed band-pass filter had a wider bandwidth and higher transmission efficiency. Moreover, by changing the width of the HMSIW, the depth and period of the periodic grooves, the cut-off frequencies of the proposed band-pass filter could be controlled independently. Finally, a sample of the proposed band-pass filter was fabricated, and the measured results were in good agreement with the simulated ones, verifying that the proposed band-pass filter has a good performance and may be used in microwave frequencies for higher integrations. Table 2 . Simulated performance comparison of existing band-pass filter.
